Introduction: There is no consensus on the length of ECG tracing that should be recorded to represent adequate rate control in patients with atrial fibrillation (AFib). The purpose of the study was to examine whether heart rate measurements based on short-term ECGs recorded at different periods of the day may correspond to the mean heart rate and rate irregularity analyzed from standard 24-hour Holter monitoring. Material and methods: The study enrolled 50 consecutive patients with chronic AFib who underwent 24-hour Holter monitoring. Mean heart rate (mHR) and the coefficient of irregularity (CI) were assessed from 5-and 60-minute intervals of Holter recordings in different periods of the day. Results: The highest correlation in mean heart rate interval within 24 h was found during a 6-hour sample and in the periods 11.00 AM-12.00 PM, 12 PM-1.00 PM, and 1.00 PM-2.00 PM. With respect to irregularity, only the CI measurements based on a 6-hour interval (7.00 AM-1.00 AM) show a correlation > 0.08 compared to data from the 24-hour recording. Conclusions: Only long-term (6-hour) recordings provide a high correlation within 24 h in mean heart rate interval and coefficient of irregularity. It seems that the mean heart rate interval in 1-hour periods between 11 AM and 2 PM might be predictive for 24-hour data. Short time recordings of the coefficient of irregularity of heart rate in AFib patients at this moment are not useful in clinical practice for long-term prognosis of ventricular irregularity.
Introduction
The majority of symptoms in patients with atrial fibrillation (AFib) are caused by a rapid and/or irregular ventricular rate [1, 2] . Even in asymptomatic patients, uncontrolled ventricular heart rate may lead to the development of tachycardia-mediated cardiomyopathy [3] [4] [5] [6] . This is why the optimal control of ventricular rate during AFib has gained considerable clinical importance. Recent publications of randomized trials have shown that strategies of rate control and sinus rhythm maintenance are equivalent, as measured by various end points [7] [8] [9] [10] [11] . Unfortunately, the definition of adequate rate control is somewhat arbitrary. As it was underlined, according to recent ESC/AHA/ACC guidelines, criteria for rate control may vary with respect to an individual patient [12] . It is worth emphasizing that even in patients with an acceptable heart rate range, considered therefore as "well-controlled AFib," irregularity of the ventricular response may contribute to worsening of quality of life, clinical symptoms, and/or development of tachycardiomyopathy. Electrocardiography remains the gold standard means of monitoring ventricular rates in AF, but all three modes of data acquisition, namely static 12-lead ECG, 24-hour Holter monitoring, and exercise tolerance testing, need to be used for a thorough and complete assessment. Nevertheless, Holter monitoring is frequently considered as a costly procedure, and patients' compliance may be low. As cost-effectiveness plays a progressively larger role in patients' management, it seems reasonable to limit the number of clinical visits and additional examinations [13, 14] . To date, there is no consensus on how to define the proper rate control and the length of ECG tracing that should be recorded.
The purpose of the study was to examine whether heart rate measurements based on shortterm ECG recorded at different periods of the day may represent mean heart rate and rate irregularity obtained from standard 24-hour Holter monitoring.
Material and methods

Study population
A total of 50 ambulatory patients (22 males and 28 females, mean age 72 ±6 years) with chronic AFib were enrolled in the study. In all the patients, 15 min of resting in a supine position and ambulatory Holter recording initiated immediately after a resting period were performed during clinical visits. Holter recordings were performed with Medilog FD5 Oxford recorders and typical CS2, CM5, and IS leads. The recordings were analyzed using the Oxford Medilog Excel 2 system. Both automatic and manual analyses were performed. After the recordings had been edited and visually verified, the mean heart rate interval (mHR) and coefficient of irregularity (CI) were assessed. Coefficient of irregularity was defined according to Greenhut et al. [15] as a quotient of standard deviation of all normal-to-normal cycles (SDNN) and mean heart rate (mHR). These parameters (mHR and CI) were assessed from 24-hour recording and then were compared with short-term ECG samples. The following shortand long-term samples were considered: 5-minute period: 8.00 AM-8.05 AM, 9.00 AM-9.05 AM, 10.00 AM-10.05 AM, 11.00 AM-11.05 AM, 12.00 PM-12.05 PM, 1.00 PM-1.05 PM; 1-hour period: 8.00 AM-9.00 AM, 9.00 AM-10.00 AM, 10.00 AM-11.00 AM, 11.00 AM-12.00 PM, 12.00 PM-1.00 PM, 1.00 PM-2.00 PM; and 6-hour period 7.00 AM-1.00 PM.
These intervals and time periods were arbitrarily chosen by the authors as the most similar to physicians' working period of the day. All patients during the study were under one physician follow-up with medications taken during the same period of the day. Heart rate in all patients was defined as optimal if the ventricular rate during 30-second pulse examination in the resting period was below 100 bpm.
The study protocol was approved by the Institutional Investigation Committee, and all patients signed informed consent.
Statistical analysis
Some missing values in the data set were filled in using the regression imputation method. Numeric variables are expressed as mean ± standard deviation (SD). Minimum, maximum, median and IQR (interquartile range -Q25-Q75) are also presented. For categorical variables the number of observations (n) and fraction (%) were calculated.
Normality was tested using the Shapiro-Wilk test for normality. Due to the lack of normality, Friedman's test with post-hoc analysis was used to compare the studied variables. Spearman's rank correlation coefficients were calculated to assess the correlation between 24-hour data and the results from shorter measurement periods.
The results were considered significant for p < 0.05. All analyses were performed using Statistica PL 9.0 software.
Results
The final analysis included 50 patients (22 males and 28 females), aged from 59 to 80 years (mean 71 ±7 years). All the patients presented with chronic AFib with an average duration of 28 ±11 months. Coronary artery disease and hypertension were the most frequently coexisting underlying diseases, whereas valvular heart disease was present in only 2 patients. The left ventricle ejection fraction assessed by echocardiographic examination ranged from 32% to 78% (mean 61%). The majority of patients (41 (82%)) presented NYHA class I or II symptoms. Most of them (96%) were treated with b-blockers. Detailed clinical data and medications of studied patients are shown in Table I .
Heart rate measurements
The mean, median, minimum, maximum and standard deviation of heart rate intervals are displayed in Table II . The mean interval from 24-hour Holter recordings in all examined patients was 0.801 ±0.134 ms. The shortest interval assessed from 60-minute samples was found between 1.00 PM and 2.00 PM (0.698 ±0.127 ms), whereas the lon-gest interval was observed between 10.00 AM and 11.00 AM (0.765 ±0.186 ms).
The mean CI during 24 h was 0.38 ±0.64. The highest irregularity was found during 6-hour recordings between 7.00 AM and 1.00 PM -0.51 ±1.49. All data of CI are shown in Table III .
Short-term vs. long-term monitoring of heart rate
The comparisons of the mean heart rate interval and CI assessed during examined periods of 5-minute, 60-minute and 6-hour recordings to 24-hour monitoring data are summarized in Tables IV and V. The mean value of HR during 5-minute samples recorded between 10.00 AM and 10.05 AM as well as 11.00 AM and 11.05 AM was similar to 24-hour mHR. The coefficient of variation from all samples retrieved from 24-hour monitoring was significantly different from the overall long-term irregularity.
The correlation between 24-hour data and other examined periods in mean heart rate interval and CI parameters is shown in Tables VI and VII. All values of mean heart rate interval were statistically significant; however, the highest correlation with long-term recordings was found for the 6-hour sample (7.00 AM-1.00 PM) -R = 0.794 for mHR and R = 0.834 for CI. Correlations R > 0.7 in mean heart rate interval between the 24-hour period and 1-hour recording at 11.00 AM-12.00 PM, 12.00 PM-1.00 PM, and 1.00 PM-2.00 PM were found. In short-term (5-minute) recordings, the correlation was always R < 0.7 in mean HR as well as in coefficient of irregularity.
Figures 1 and 2 show the highest correlations between mean 24-hour heart rate interval in the following periods: 1.00 PM-2.00 PM and 7.00 AM -1.00 PM.
Discussion
Our study showed that data retrieved from short-term ECG recordings obtained either during follow-up visits or in the morning period of Holter monitoring are useful in the assessment of proper heart rate control. These short-term ECG inter- vals contain data comparable to those obtained from long-term 24-hour ambulatory monitoring. The highest correlation in mean heart rate interval of a 24-hour period with 7.00 AM-1.00 PM, 11.00 AM-12.00 PM and 12.00 PM-1.00 PM was found. Unfortunately, short (5-minute) recordings seem not to be useful in predicting 24-hour parameters in patients with AFib. The coefficient of variation also seems to be a non-predictive parameter in 5-minute as well as 60-minute periods compared to standard 24 ECG recordings. To the best of our knowledge, this is the first study to assess both mean heart rate and rate irregularity from short-term (5 min and 60 min) recordings as compared to long-term 24-hour Holter monitoring.
The adequate control of ventricular rate constitutes an essential aspect of AFib management [6] [7] [8] [9] [10] [11] . However, no consensus on how to define proper control exists. Evidence-based data to guide clinicians are in short supply, and many published definitions of rate control are somewhat arbitrary. No strict, widely accepted definition exists. Rapid rates can provoke acute hemodynamic decompensation or aggravation of chronic congestive heart failure symptoms. Inadequate rate control and/or rate irregularity may result in hemodynamic impairment and tachycardia-induced cardiomyopathy [16] [17] [18] . On the other hand, no significant correlations between achieved heart rate and clinical outcome, such as survival free from cardiac hospitalization, overall survival, NYHA functional class, 6-minute walking test, and quality of life, were observed [19, 20] .
Several methods to assess heart rate, from physical examination with radial pulse assessment or heart apical auscultation to electrocardiography, have been evaluated; however, no consensus exists so far on the length of heart rate estimation [21, 22] . Despite the routine and widespread use of electrocardiography in clinical practice, still the assessment of heart rate in AFib patients remains a challenge. The short period of heart rate recording and difficulty in estimation of RR interval variation are the main drawbacks of surface electrocardiography. It seems that ambulatory 24-hour ECG monitoring is the gold standard for ventricular rate assessment. This method allows for examination of all parameters related to AFib -minimal, maximal, and mean heart rate as well as episodes of tachycardia. In addition, ECG Holter monitoring allows for assessment of variability of ventricular response during AFib, giving an insight into AV node conduction. Unfortunately, from an everyday clinical practice point of view, it is not possible to perform long-term ECG monitoring for rate control assessment in every patient at each follow-up visit. Therefore, it is plausible that shortterm recordings could be considered as an alternative approach.
The first study which tried to estimate the shortest sample for heart rate assessment in AFib patients was published by Watt et al. in 1984 [23] . The authors analyzed the RR intervals from 4-minute ECG recordings in supine position and found that average heart rate derived from a 20-second sample of AFib approximates (±5%) the true value in 92.5% of patients. Additionally, 2-minute samples were required for assessment of the shortest RR interval with a true value in 90% of patients. With these results as a basis, in 1989, Atwood et al. [24] tried to investigate the ideal sampling interval for the estimation of heart rate at rest and during exercise. In this study, measurements of HR were obtained at 9 different sampling intervals (1, 2, 3, 4, 5, 6, 10, 15, and 20 s) at rest and 7 different sampling intervals (1, 2, 3, 6, 10, 15, and 20 s) during last 30 s of each minute during exercise. The heart rate obtained from each interval was compared with true heart rate -determined by a 4-minute sample at rest and by the last 30 s of each minute during exercise. Additionally, Atwood et al. concluded that acceptable error in heart rate measurement is not to be defined universally but needs to be addressed individually. The main limitation of this study was the very small number of studied patients -only 10 subjects.
To date, there is no study that can clearly show which is the shortest ECG interval suitable for estimation of mean heart rate.
Our study, to our knowledge, is the first to estimate ECG sample length predictive for heart rate irregularity. A variable RR interval is a hallmark of AFib. Irregularity of the ventricular rate in AFib must be distinguished from "heart rate variability" (HRV) in sinus rhythm. A variable ventricular response in AFib depends on the irregular and chaotic bombardment of the atrioventricular (AV) node from the atria, the complex and sophisticated structure and transmission possibility of the AV node, and autonomic modulation of the AV node [25, 26] . Ventricular rate irregularity in AFib is an independent factor that can lead to tachycardia-induced cardiomyopathy [16, 17] . Sometimes, it is impossible to determine whether it is a fast or an irregular rate that causes tachycardiomyopathy [27, 28] . Therefore, our strategy for the management of ventricular rate should be aimed at these two factors. The coefficient of irregularity, a quotient of standard deviation and mHR (SD/HR), is an established ventricular irregularity parameter [15] . It could be calculated from Holter monitoring, and it has been used in some clinical studies of patients with AFib [15, 29, 30] . According to Greenhut et al. [15] , irregularity of the ventricular rate in AFib was established as significant if superior to 0.2. Our group showed that even in patients with mHR within acceptable limits and no tachycardia episodes on Holter monitoring, irregularity with CI greater than 0.2 was found in the majority of the studied population [30] .
In contrast to mean heart rate assessment, we were unable to find a short 5-minute or 60-minute sample that would correspond to CI determined on 24-hour monitoring. Only the 6-hour sample CI obtained between 7.00 AM and 1.00 PM yielded results comparable with those retrieved from long-term evaluation. It seems that in patients with AFib, only a long-term period of irregularity recording provides acceptable results which could be predictive for 24-hour monitoring.
For mean HR as well as for CI, the longest recording time shows the highest correlation with standard 24-hour recording. It seems that the "golden hour" for mean HR and rate irregularity assessment is still a great challenge for our clinical practice.
In conclusion, only long-term (6-hour) recordings provide a high correlation with 24-hour data in mean heart rate interval and coefficient of irregularity. It seems that mean heart rate interval in the 1-hour period between 11.00 AM and 2.00 PM might be predictable for 24-hour data. Short time recordings of the coefficient of irregularity of heart rate in AFib patients at this moment are not useful in clinical practice for long-term prognosis of ventricular irregularity.
